This study evaluated the effectiveness of resistance training and vibrationaugmented resistance training to preserve thigh (quadriceps femoris) and calf (triceps surae) muscle cross-sectional area (CSA), isometric maximal voluntary contraction (MVC), isometric contractile speed, and neural activation (electromyogram) during 60 days of BR. Male subjects participating in the second Berlin Bed Rest Study underwent BR only [control (CTR), n ϭ 9], BR with resistance training (RE; n ϭ 7), or BR with vibration-augmented resistance training (RVE; n ϭ 7). Training was performed three times per week. Thigh CSA and MVC torque decreased by 13.5 and 21.3%, respectively, for CTR (both P Ͻ 0.001), but were preserved for RE and RVE. Calf CSA declined for all groups, but more so (P Ͻ 0.001) for CTR (23.8%) than for RE (10.7%) and RVE (11.0%). Loss in calf MVC torque was greater (P Ͻ 0.05) for CTR (24.9%) than for RVE (12.3%), but not different from RE (14.8%). Neural activation at MVC remained unchanged in all groups. For indexes related to rate of torque development, countermeasure subjects were pooled into one resistance training group (RT, n ϭ 14). Thigh maximal rate of torque development (MRTD) and contractile impulse remained unaltered for CTR, but MRTD decreased 16% for RT. Calf MRTD remained unaltered for both groups, whereas contractile impulse increased across groups (28.8%), despite suppression in peak electromyogram (12.1%). In conclusion, vibration exposure did not enhance the efficacy of resistance training to preserve thigh and calf neuromuscular function during BR, although sample size issues may have played a role. The exercise regimen maintained thigh size and MVC strength, but promoted a loss in contractile speed. Whereas contractile speed improved for the calf, the exercise regimen only partially preserved calf size and MVC strength. Modification of the exercise regimen seems warranted. simulated spaceflight; atrophy; countermeasure; electromyogram; second Berlin Bed Rest Study CHRONIC REDUCTIONS IN PHYSICAL activity, such as those associated with spaceflight or bed rest, are known to induce considerable atrophy of the antigravity muscles. The degree of adaptation to unloading shows a hierarchy in relation to their importance for habitual weight bearing, such that, within the lower limb, the calf (triceps surae muscle) atrophies somewhat more than the thigh (quadriceps femoris muscle) (11, 46). Another observation is that decrements in maximal motor performance typically outweigh the changes in muscle mass (25). Electromyographic (EMG) recordings suggest that part of this discrepancy can be explained by a reduced ability of the central nervous system to maximally drive the muscles voluntarily after a period of unloading (6, 42). Suppression of neuromuscular activity after disuse might even be more pronounced during all-out, short-lasting muscle actions compared with steady-state contractions, possibly due to a slowing in the motor unit recruitment pattern (7). Such an effect will likely have a greater impact on rate of torque development than on maximal strength, which might explain why contractile speed of the knee extensors was found more deteriorated than maximal strength after long-term disuse (45). An impaired rate of force development has important implications for locomotor performance as it has been shown to be associated with impaired balance corrections and falling (43).
importance for habitual weight bearing, such that, within the lower limb, the calf (triceps surae muscle) atrophies somewhat more than the thigh (quadriceps femoris muscle) (11, 46) . Another observation is that decrements in maximal motor performance typically outweigh the changes in muscle mass (25) . Electromyographic (EMG) recordings suggest that part of this discrepancy can be explained by a reduced ability of the central nervous system to maximally drive the muscles voluntarily after a period of unloading (6, 42) . Suppression of neuromuscular activity after disuse might even be more pronounced during all-out, short-lasting muscle actions compared with steady-state contractions, possibly due to a slowing in the motor unit recruitment pattern (7) . Such an effect will likely have a greater impact on rate of torque development than on maximal strength, which might explain why contractile speed of the knee extensors was found more deteriorated than maximal strength after long-term disuse (45) . An impaired rate of force development has important implications for locomotor performance as it has been shown to be associated with impaired balance corrections and falling (43) .
These adaptive physiological responses can be offset by means of efficient countermeasures. With respect to the neuromuscular system, the major preventive measure appears resistance exercise (4, 6) . Our laboratory recently reported that gravity-independent resistance exercise training, augmented by whole body vibration, substantially attenuated changes in thigh muscle size and maintained isometric strength after 8 wk of bed rest (34) . During side-alternating whole body vibration exercise, skeletal muscles of the lower limb undergo small changes in muscle length due to the oscillatory displacements of the vibration platform. Each time the right leg is accelerated cranially, the left leg is accelerated caudally. These skeletal displacements evoke small changes in muscle length that, in turn, activate the stretch reflex loop (40) . Vibrations of muscles at rest elicit a response called "tonic vibration reflex," which includes activation of muscle spindles, mediation of the neural signals by Ia afferents, and activation of muscle fibers via large ␣-motoneurons (14) . When superimposed during a voluntary contraction, vibration can, therefore, peripherally reinforce activation of motoneurons excited by descending pathways of the central nervous system (26, 44) . During standard unloaded isometric exercises, for instance, increases in EMG up to 100% have been reported for the vastus lateralis muscle (2, 15, 41) . Although our laboratory's previous results are encouraging and concur with other studies on the level of preservation of neuromuscular integrity by resistance training (4, 6, 10, 23, 28), we could identify neither the single contributions of vibration training or resistance training, nor the complementary effects of both training modes.
The primary purpose of the present study was to identify the additive effect of vibration to resistance training to prevent changes in maximal isometric muscle strength as a consequence of 60 days of bed rest. To understand the underlying mechanisms responsible for potential differences between training regimes, indexes for muscle size [cross-sectional area (CSA)] and neural activation (EMG) were additionally investigated in the thigh and in the calf. A secondary purpose of the present study was to assess the influence of bed rest and the effects of different training regimes on indexes of rate of torque development. Based on the premise that higher levels of neural activation are required during powerful contractions, we hypothesized that neural deconditioning would impair the rate of isometric torque development beyond the changes in maximal isometric strength for both muscle groups studied. We hypothesized that resistance training augmented by vibration would provide a more effective countermeasure to prevent changes in muscle function than resistance training alone.
METHODS

Bed Rest Protocol
The second Berlin Bed Rest Study (BBR2) was designed as a randomized controlled trial and received approval from the Ethics Committee of the Charité-Campus Benjamin Franklin. Baseline data collection started 9 or 8 days before the start of 60 days of Ϫ6°h ead-down tilted (HDT) bed rest. Seven days after reambulation, the subjects were discharged from the hospital. During the bed-rest phase, subjects were instructed to minimize dynamic and/or static muscle contractions and were instructed not to hold the knee and hip in a flexed position or to lift the trunk (the latter was allowed only during turning in bed). Compliance with the bed-rest protocol was ascertained by video surveillance 24 h/day. Subjects were further supervised by nursing staff throughout the entire study, and nutritional care was undertaken to avoid increases in body mass Ͼ2 kg. The study incorporated a total of four campaigns, each consisting of six fluently German speaking male subjects. Three pairs of subjects were formed before the start of each campaign, and each pair shared one hospital room for the entire study duration. For aspects related to study compliance and subject well-being, the subjects within a given pair were matched according to psychological criteria before the start of the study. The formed pairs were then randomly assigned to either a resistance exercise (RE) group, a resistance exercise ϩ vibration (RVE) group, or to an inactive control (CTR) group 2 days before the start of bed rest.
Subjects
The selected 24 male volunteers underwent both medical and psychological screening before being admitted to the study. The subjects were devoid of any musculoskeletal, psychological, or bloodclotting disorders, and none of the subjects participated in a strengthtraining program in the 6 mo preceding the study. No restrictions were given on participation in other physical activities. The preceding overall habitual physical activity of the volunteers enrolled in the present study was scored using a questionnaire that factored in physical activity at work, sport during leisure time, and other physical activity during leisure time (8) . No prestudy differences between the three groups were identified (unpublished observations). Subjects provided informed consent before their participation in the study and were aware that they could withdraw from the study at any time. Of these 24 men, one subject (RE) did not complete the bed-rest phase and was required to withdraw from the study for medical reasons. In addition, one subject (RVE) changed to the CTR group 1 wk into bed rest due to medical reasons that emerged during training only. There were no indications that the medical issue appeared or influenced the subject's performance during functional testing, pre-or post-bed rest. One subject (RVE) was replaced after 2 days of bed rest because of anxiety. The replacement subject underwent the full bed-rest protocol. Baseline anthropometric characteristics of the subjects that completed the present study are provided in Table 1 .
Exercise Countermeasure
All subjects, except the replacement subject (RVE), underwent two familiarization sessions with the training equipment before the start of bed rest. Only subjects assigned to the RE and RVE group performed resistance training three times per week, starting on the first day of bed rest (BR1). According to scheduling, the 25th and final training session was planned at BR57. The training volume of the present study was clearly lower compared with our laboratory's previous study, which incorporated 11 sessions a week (34) . We anticipated that this would present a challenge for the calf, since this muscle group is less responsive to resistance training than the thigh (47, 48) and is less successfully preserved under conditions of bed rest when using a 3 day/wk training paradigm (6, 25) . In an attempt to compensate for the reduced responsiveness, the training paradigm designed to protect the calf incorporated a high number of repetitions and multiple sets (see below).
Resistance training consisted of dynamic bilateral squat exercises, dynamic unilateral and bilateral calf raise exercises, and bilateral static back extension exercises, all performed in the Ϫ6°HDT position. The exercise device ( Fig. 1 ) was novel and developed exclusively for the BBR2 study (Galileo Space, Novotec Medical, Pforzheim, Germany). It was gravity independent in that loading of the subject arose when the sliding back rest was actively moved away from the footplate against pneumatic resistance generated by a compressor. The horizontal distance from the sled to the footplate, as well as the vertical height of the footplate, was individually adjusted for each subject. The force exerted by the left and right leg (in arbitrary units for the subjects), the range of motion, the rate at which the exercises were to be performed over the individually determined range of motion, as well as the actual performance of the subjects were provided through a display that was positioned over the head of the subject. Feedback from the trainer additionally ensured that the subjects performed each session according to the set criteria.
Each training session started with a warm-up that consisted of eight continuous (i.e., without pause) bilateral squats against 50% of maximal of the one repetition maximum (assessed before bed rest). The squat exercise was performed continuously at a low repetition rate, starting with a 4-s eccentric phase to a knee flexion angle of 90°, immediately followed by a 4-s concentric phase to return to the start position, i.e., with knees flexed at 10°. A 2-min break was given after the warm up.
The bilateral squats in the first two training sessions (BR1 and BR3) were carried out against, respectively, 75 and 80% of the one repetition maximum. From BR5 and beyond, the force level was increased by 5% in each session until the subject could only perform eight repetitions. In sessions subsequent to this, if the subject improved such that they could perform more than 10 repetitions in two successive sessions, then the force level was increased by 5% again. In contrast, if a subject could not successfully complete six repetitions in two successive sessions, then the force was decreased by 5%. A 5-min break was given after this exercise.
Subjects then performed three sets of dynamic calf raises, which were first performed unilaterally and thereafter bilaterally. The unilateral exercises were performed against a force equivalent to 1.3 times the body weight. For the bilateral exercises, the loading was increased to 1.8 times the body weight. Continuous plantar flexiondorsal flexion cycles were performed at a high repetition rate of two per second until volitional exhaustion (typically occurring between 30 and 50 s). If the subject was able to perform the exercise for Ͼ50 s, then the load was increased by 5%. If the subject could not perform the unilateral exercise for minimally 30 s, then the load was decreased by 5%. For the bilateral exercises, these criteria were set at 55 and 40 s, respectively. Ninety seconds of rest were given between the unilateral exercises. A 4-min break was given before the start of the bilateral exercise, and a 3-min break was finally given after the completion of the bilateral exercise. Subjects were verbally encouraged to complete their exercises, particularly toward the end of each set, when they began to fatigue (i.e., when they experienced difficulty in working against the load through the entire range).
Finally, the subjects performed a static exercise, in which they attempted to extend their hips, lumbar spine and knees for 60 s. The feet were elevated, and only the heels were allowed to touch the footplate of the device to also activate the dorsiflexor muscles. The loading was set against 1.5 times body weight at baseline and was fixed during the entire study. This exercise was designed to target the hip and back extensor muscles, as well as the dorsiflexor muscles.
Since the scope of the present study was to assess the benefits of vibration added during resistance training under conditions of bed rest, an experimental setup was used whereby the training equipment and regimen were identical between the experimental group (RVE) and the active control group (RE) (35) , with the exception that RVE subjects additionally received side-alternation whole body vibration during the performance of the exercises. Vibration was provided by side to side (rotational) motion of the footplate of the exercise device. The amplitude of vibration was set at 4 mm and was unchanged throughout the study. Vibration frequency was also fixed during the entire study. Pilot experiments showed that the maximal tolerated frequency depended on the muscles being trained: it was set at 24 Hz during the squat (increased from 20 Hz at BR1 to 24 Hz at BR5), 26 Hz during calf raises, and was set at 16 Hz during the hip/back extension exercise. All training sessions were supervised by a trained exercise physiologist, with due experience in supervising (vibration) resistance training.
Nine subjects (4 RVE, 5 RE) completed all sessions. One session was missed in three subjects (2 RVE, 1 RE) due to trainer absence. A further subject (RE) missed two sessions due to headache on one day and trainer absence on another. The replacement subject (RVE) began training later due to the conduct of muscle biopsy procedure on the 1st day of bed rest and hence completed 21 full exercise sessions in total.
Muscle CSA
Magnetic resonance imaging (MRI) was used to determine the CSA of the left quadriceps femoris and left triceps surae before the bed rest and on BR55/56. No experiments involving muscular exercises were undertaken 24 h before the MRI experiments, i.e., the functional testing of the thigh at BR56 (see further) followed the MRI experiments on this day. Subjects remained supine (0°HDT) 120 min before testing to minimize the effects of fluid shifts on muscle size (17) . Imaging was conducted in a 1.5-T scanner (Avanto, Siemens, Erlangen, Germany). A total of 64 transverse scans were obtained for each muscle group (slice thickness of 6 mm, and interslice distance of 6.6 mm; field of view and matrix dimension were set at 240 ϫ 450 mm for the thigh and 200 ϫ 400 mm for the calf, with a resolution of 0.71 pixels/mm for the thigh and 0.80 pixels/mm for the calf). CSA of the thigh and calf muscle was measured by manually tracing around the muscles of interest using ImageJ software version 1.40g (http:// rsb.info.nih.gov/ij/). The same operator, blinded to the subject and day of testing, performed all analyses. Based on previous findings that the CSA profile zenith from proximal to distal remains localized at a similar anatomical position (5), the procedure adopted in the present study was to average the five highest consecutive CSA estimates (i.e., the highest 5 CSA estimates of at least 10 CSA estimates) separately for each session. No difference was observed in selected slice numbers between the pre-and post-bed experiment. Using a similar methodology, our laboratory previously reported an interoperator reliability (interclass correlation) of Ͼ 0.9 (34).
Functional Muscle Testing
Training specificity appears to be an important consideration when assessing the efficacy of a training program during unloading (9) . However, as one might also question the practical value of efficient, but highly task-specific countermeasures, in the present study we tested the efficacy of the countermeasure during unilateral, isometric contractions to provide a more generalized picture of preservation of muscle function by the utilized countermeasure. These simple, yet specific measures of maximum strength can be obtained reliably with intraclass correlations exceeding 0.75 (20) and have high predictive Fig. 1 . Subject performing the static back extension exercise on the training apparatus. During this exercise, the hips, lumbar spine, and knees were extended continuously for 60 s against 1.5 times body weight. The feet were elevated, and only the heels were allowed to touch the footplate of the device to also activate the dorsiflexor muscles. Subjects in the resistance exercise ϩ vibration (RVE) group received side-alternation whole body vibration at 18 Hz during the performance of this exercise.
values for, e.g., balance performance after tripping (36) . Given a sample size of seven RVE and seven RE subjects, a power of 0.8, an ␣-level of 0.05, and an assumed standard deviation of 6.1% for between-group differences in change in maximum voluntary contraction (MVC) after bed rest (based on data from Ref. 34) , an effect size of 10.0% of whole body vibration, in addition to resistive exercise on the change in MVC from the start to end of bed rest between the RVE and RE groups should be able to be detected in the present study.
Subjects were familiarized with the testing equipment and the procedures of testing 8 or 9 days before the start of bed rest. To avoid cross interference with muscle biopsy procedures on the right leg, the muscles of the left leg were tested. The pre-bed-rest experiment for the knee extensor and knee flexor muscle group was conducted 7 days before the start of bed rest. The post-bed-rest experiment was scheduled at BR56 to avoid confounding effects of training on BR54 and muscle damage upon reambulation (24) . These experiments were conducted in the supine position (0°HDT). The pre-bed-rest experiment for the plantar flexor and the dorsiflexor group was conducted 4 days before the start of bed rest. The post-bed-rest experiment was performed 3 days after the final training session and directly after reambulation (ϳ1 h). These experiments were conducted in the seated position.
Isometric knee extension and flexion was performed with the hips flexed at 130°, and the knees flexed at 60°(0 refers to full knee extension). The popliteal fossae was supported by a padded rigid horizontal bar. The distal one-third part of the lower left leg was strapped in a custom-built leather cuff that was directly connected to a force transducer (kap-E, 2 kN, A.S.T., Dresden, Germany). The right leg was also supported by a padded block, yet remained otherwise unrestrained. The pelvis and upper body were securely restrained by belts. The distance between the transducer and the axis of the knee joint (moment arm) was individually determined on the basis of leg length and comfort for each subject and was thereafter kept constant throughout the study. During isometric knee flexion, the distal part of the left thigh (ϳ5 cm proximal to the patella) was secured by a padded restraint to avoid changes in knee angle. Isometric torque during isometric knee extension and knee flexion was calculated offline as the product of force and moment arm.
Isometric plantar and dorsiflexion was performed with the subjects seated in the dynamometer with knee, hip, and ankle angles at 90°. To minimize lifting of the heel during voluntary plantar flexion, the distal part of the left thigh (ϳ5 cm proximal to the patella) was secured by the same padded restraint used during knee flexion. The left foot was tightly strapped into a standard shoe with a sturdy flat sole that was bolted to the foot plate of the dynamometer. The height of the foot plate was individually determined for each subject during the familiarization session and kept constant throughout the study. Care was taken that the rotation axis of the left ankle was aligned with the rotation axis of the foot plate. This configuration resulted in a moment arm of zero, irrespective of shoe size. Torque was measured by a torque transducer (D253-m06, Lorenz Messtechnik, Haarlem, the Netherlands), mounted on the rotation axis of the footplate. To prevent lifting of the foot during voluntary isometric dorsiflexion, an inelastic strap was tightly secured over the dorsum of the left foot. Leather padding between the shoe and band was used for subject comfort. To avoid changes in leverage, the position of the strap was held constant between sessions. During testing, subjects were instructed to remain in an upright sitting posture and to place the arms behind their back without putting pressure on the seat. Force/torque signals were digitized at a sampling rate of 1,000 Hz, low-pass filtered using a fourth-order Butterworth filter (cut-off 150 Hz), and subsequently stored to hard disk for immediate and offline analysis. As part of BBR2 study policy, no numerical feedback on absolute torque level was provided to the subjects during the entire study.
Measurements of Maximal Isometric Strength and Rate of Torque Development
Each session started with a standardized warm-up procedure, consisting of 10 submaximal isometric contractions. For the knee extensors, the target torque was 150 Nm, whereas a target torque of 75 Nm was used for the plantar flexor group. Both the target torque and the current torque level were displayed on a computer monitor to provide feedback. During the subsequent MVC test, subjects were instructed to increase torque to a maximal level and maintain it for ϳ2 s. Subjects were given strong verbal encouragement during this task. Three trials were performed, and the maximal torque measured during any trial was taken as the MVC torque. An identical protocol was used to assess the antagonist MVC torque (except that the warm-up procedure for the antagonists used individually adjusted target torques). Thereafter, another five MVCs were made whereby the instruction was now to increase torque from a fully relaxed state, i.e., without any preceding countermovement or pretension, as forcefully and rapidly as possible to a near-maximal level. Subjects were duly informed that attempts with unstable torque baselines just before the onset of torque development would be immediately disqualified (1, 19) . The emphasis of instruction was on the initial rate of torque development, yet subjects were also instructed to reach a peak torque of at least 70% of the respective MVC torque at the day of testing. Only after each contraction were the subjects allowed to view their performance; i.e., during the contraction the subjects either closed their eyes or looked away from the monitor. Postcontraction encouragements and instructions were given so as to increase the rate of torque development in a subsequent attempt.
EMG
Bipolar surface EMG was recorded during the isometric contractions using a 24-channel EMG system (Porti, Twente Medical Systems International BV, Enschede, the Netherlands) and using custombuilt acquisition software. The pregelled, self-adhesive, Ag/AgCl electrodes (AMBU N-OOS, Ballerup, Denmark) with diameter of 20 mm and interelectrode distance of 20 mm were positioned over the muscles of interest, according to the European recommendations for surface EMG (27) . During knee extension and knee flexion activity, EMG was recorded from the rectus femoris, vastus lateralis, vastus medialis, and the antagonistic biceps femoris (BF) muscles of the left leg. During plantar and dorsiflexion activity, EMG was simultaneously recorded from the soleus (Sol), the medial head of the gastrocnemius, the lateral head of the gastrocnemius, as well as from the antagonistic tibialis anterior (TA) muscles of the left leg. The reference electrode was placed at the right tibia. Surface EMG activity was sampled at 2,000 Hz and stored to disk for offline analysis.
Data Analysis
Maximal torque and rate of torque development. MVC torque was assessed within one session as the highest peak torque during any of the trials. During measurements of contractile speed characteristics, the onset of torque development was assessed as the point at which the first derivative of the filtered torque signal crossed zero for the last time before it remained positive due to an increasing torque (20) . To check for systemic alterations in baseline torque, we used a procedure in which a linear regression line was fitted through 100 ms of filtered baseline torque signal that immediately precedes the onset of torque increase (20) . The absolute slope of the regression line had to be less than 3 Nm/s. Maximal rate of torque development (MRTD) was determined as the maximal value of the first derivative during the entire contraction phase. The "contractile impulse" was determined as the torque time integral, defined as the area under the torque signal in the time interval of 0 -50 ms relative to the onset of torque development (1). As we did not want differential changes in MVC torque to dominate the analyses in the present study, the variables related to contractile speed were normalized by expressing absolute values relative to the MVC torque at the day of testing. The trial that yielded the highest torque impulse was selected for statistical comparisons.
EMG analyses. The EMG signals recorded during the MVC trials were quantified as the root-mean-squared (RMS) amplitude of the EMG throughout a single 1-s epoch that yielded the highest mean torque for any of the MVC trials. Within each trial, that epoch was automatically detected by custom-written software. The EMG of the antagonistic BF and TA was used to determine the level of coactivation of these muscle groups during agonistic activity. For this purpose, the RMS of the BF and TA during knee extension and plantar flexion, respectively, was normalized to the respective RMS obtained during maximal knee flexion and maximal dorsal flexion.
During measurements of contractile speed, the onset of EMG activity was assessed for each recording. To ensure that onset of EMG activity was not detected precipitately, the following procedures were used. First, we determined the point at which the first derivative of the unfiltered signals exceeded its baseline level by more than 3 SDs. Baseline levels were hereby assessed between 175 and 75 ms before the onset of torque development. We subsequently defined a second threshold at three times the maximum baseline gradient. The index was then determined where the gradient signal surpassed this second threshold for the first time, and from this point we traced back until the gradient signal crossed the first threshold (at three times the SD of the gradient baseline) for the first time. The latter instant was then taken as the EMG onset, which was assessed for each muscle. Subsequently, the first onset of EMG activity detected in any of the three agonists was taken to represent overall onset of agonistic EMG activity. All subsequent EMG analyses were related to this instant. RMS was assessed in time interval of 0 -50 ms relative to the above-defined onset. Peak EMG amplitude was assessed during the entire contraction phase. For this purpose, the band-pass filtering of the raw EMG signals was followed by a moving RMS filter with a time constant of 50 ms (1). Antagonistic coactivation was again evaluated by expressing antagonistic EMG activity variables relative to that measured in the separate MVC trials of maximal antagonist contraction.
Statistical analysis. Baseline variables before the start of bed rest were compared across groups with one-way ANOVA. To compare the groups for each torque variable, and for each EMG variable from the antagonistic BF and TA, a repeated-measures, two-factorial ANOVA was used to detect the time ϫ group interaction. To identify differences in the responses between knee extension and plantar flexion, the relative changes from baseline were used in the comparisons. To identify differences in the EMG recordings between the agonistic muscles during knee extension and plantar flexion, separate threefactorial ANOVAs were employed to detect time ϫ muscle ϫ group interactions. If a significant interaction or a tendency toward an interaction (P Ͻ 0.1) between group and time was seen, paired Student's t-tests were used to detect where the changes occurred. If a main effect of bed rest was seen within the ANOVA without a group ϫ time interaction, the collective (pooled over all groups) response is presented. Statistical significance was set to P Ͻ 0.05. Values are presented as means Ϯ SD in text and means Ϯ SE in Figs 2 and 3.
RESULTS
One CTR subject reported substantial pain in the ankle before the functional testing of the calf after bed rest. This pain coincided with a swollen ankle and an inability to even perform the warm-up procedure properly. All data from this subject relating to calf size and function were, therefore, discarded. Data with respect to contractile speed characteristics of the thigh were discarded from one CTR, one RE, and one RVE subject. These subjects were unable to perform the explosive isometric contractions without countermovement or pretention.
Maximal Voluntary Strength, Muscle Size, and Neural Activation
Mean values of thigh and calf MVC torque, CSA, and neural activation before and after 60 days of HDT bed rest are provided in Table 2 for all groups. The percent losses in CSA and MVC torque are shown in Fig. 2 . The two exercise countermeasure paradigms prevented significant reductions in thigh CSA and MVC torque and mitigated the losses in calf CSA and MVC torque seen in CTR. The percent loss in calf CSA outweighed the relative change (%) in thigh CSA for all groups (all comparisons, P Ͻ 0.001), whereas the percent loss in calf MVC torque exceeded thigh MVC torque only for RVE (P Ͻ 0.05). None of the groups showed significant changes in agonistic neural activation or antagonistic coactivation during MVC ( Table 2) .
Indexes of Rate of Torque Development
Contractile and EMG variables related to the rate at which torque developed during explosive isometric contractions before and after 60 days of HDT bed rest are provided in Fig. 3 for the thigh (left) and calf (right). As a consequence of higher individual variability and smaller group sizes for the indexes related to contractile speed, group comparisons did not result in statistically significant differences. However, as can be seen in Fig. 3 , RE and RVE responded very similar to bed rest. For the Values are means Ϯ SD; n, no. of subjects: CTR (n ϭ 9 for knee extension and n ϭ 8 for plantar flexion, RE (n ϭ 7), and RVE (n ϭ 7). CSA, cross-sectional area; MVC, maximal voluntary contraction; EMG, electromyographic amplitude based on root mean square. Antagonistic coactivation is expressed relative to maximal antagonist activation. *Different from the pre-bed-rest value (P Ͻ 0.05). †Greater effect of bed rest for CTR compared with RE or RVE (P Ͻ 0.05).
RESISTANCE TRAINING DURING LONG-TERM BED REST thigh, this was also clearly in opposite direction of the responses of CTR. To improve the power to detect statistically significant differences between bed rest with and without exercise countermeasure on indexes of torque development, the subjects in the two training groups were pooled to form a new group: RT (resistance training; n ϭ 14). Hence, all statistical comparisons with respect to indexes of rate of torque development are based on the CTR group and the RT group.
Changes in thigh MRTD differed between CTR and RT (time ϫ group; P Ͻ 0.05). In CTR, MRTD remained unchanged, whereas it decreased for RT (P Ͻ 0.01). Thigh contractile impulse remained unaltered for both CTR and RT. Changes in peak EMG differed between groups (time ϫ group; P Ͻ 0.05), with CTR, but not RT, showing a strong tendency for an increased peak EMG (P ϭ 0.057). The changes in EMG over the first 50 ms after the onset of EMG activity also significantly differed between groups (time ϫ group; P Ͻ 0.05). CTR showed a tendency toward higher EMG amplitudes after bed rest (P ϭ 0.075), whereas no significant changes were seen for RT. The level of coactivation increased from 6.6 Ϯ 3.8 to 13.3 Ϯ 13.6% for CTR (P Ͻ 0.05). The large SD after bed was caused by one subject, which clearly deviated from the rest with respect to the magnitude of the change. Hence, for this analysis, the nonparametric Wilcoxon signed-ranks test was used. Cocontraction remained unaltered for RT, with mean group values of 13.7 Ϯ 11.6 and 12.0 Ϯ 9.6% for, respectively, pre-and post-bed rest.
The direction of the change in calf MRTD tended to differ between CTR and RT (time ϫ group; P ϭ 0.075), but no significant changes were seen within the groups (Fig. 3) . Contractile impulse, however, collectively increased with bed rest (P Ͻ 0.01), whereas normalized peak EMG amplitude jointly declined with bed rest (P Ͻ 0.01). No changes were seen in calf EMG over the first 50 ms after the onset of EMG activity. Antagonistic coactivation tended to change differently between groups (time ϫ group; P Ͻ 0.1). For CTR, no changes were seen in mean values, pre-and post-bed rest (7.0 Ϯ 5.5 vs. 6.5 Ϯ 2.8%). For RT, coactivation increased slightly from 7.1 Ϯ 3.1 to 9.6 Ϯ 4.7% (P Ͻ 0.05).
DISCUSSION
The purpose of the present study was to identify the contribution of vibration training to resistance exercise to prevent changes in muscle function during bed rest. The primary findings showed no influence of the vibration exposure on the variables of interest in the present study. Regardless of whether resistance training was augmented by vibration exposure, loss in muscle size and strength was fully prevented for the thigh, yet only mitigated for the calf after 60 days of bed rest. We could also not ascertain that vibration influenced the effect of strength training on indexes of rate of isometric torque development. Pooled across the RE and RVE groups, resistance training during bed rest decreased the MRTD for the thigh, but increased the initial torque development (impulse) for the calf. For the thigh, but not for the calf, these results contrasted the responses of the inactive control group. During the performance of explosive isometric contractions, suppression of agonist EMG activity was seen in both the calf and the thigh, but for the latter only in the trained individuals.
The Effects of Added Vibration During Resistance Training
In contrast to our hypothesis, in the present study the addition of whole body vibration to resistance exercise training did not appear to influence the efficacy of resistance exercise on preserving the neuromuscular integrity of the thigh and the calf after 60 days of bed rest. Superior countermeasure efficacy of resistive vibration exercise was expected, because excitatory input from muscle spindles exposed to vibration enhances spinal cord excitability transiently (39) . In the present study, functional testing occurred either 2 days (thigh) or 3 days (calf) after training. The timing of the functional testing session relative to the last training session is such that transient effects of vibration exercise on neural activation properties cannot be considered in the present study. However, such acute or acuteresidual effects have no relevance in interpreting the effects of long-term studies (30) . In agreement with others (35), the present findings do not support the notion that any sustained positive effect on maximal neural activation properties resulted from the added vibration exposure.
However, vibration exposure could have enhanced the efficacy of resistance training by means of a secondary mechanism, i.e., through increased loading of the agonistic muscles (35) . As muscle activation is typically increased during vibration training (2, 15, 21) , it seems reasonable to speculate that this could result in a more potent anabolic stimulus of resistance training to counteract the atrophic response of bed rest. Such an effect could not be demonstrated in the present study, however. The direction as well as the magnitude of the changes (or absence therein) in muscle size was very similar for RE and RVE, yet noticeably different from CTR (Fig. 2) . Since the vibration stimulus was transmitted from the footplate to the feet and thereafter to the rest of the body, one would expect that at least the atrophic response of the calf in the RVE group, being closest to the vibration stimulus, would be diminished compared with the response of the RE group. No such difference was found, however.
We acknowledge that the number of subjects in the RE and RVE group (both n ϭ 7) used in the present study might have been insufficient for detecting statistical differences for the variables of interest. As outlined in the METHODS section, given the number of subjects in the study and the variability associated with, e.g., the MVC measurements, we would be able to detect only a relative large difference (ϳ10%) in the change in MVC between RE and RVE. The observed differences between groups were clearly less. Sample size estimates for the current CSA data revealed that Ͼ400 subjects would have been required to find statistically significant differences between the Fig. 3 . Changes in contractile and neural indexes related to the rate of torque development during explosive isometric contractions, pre-and post-bed rest, for the thigh (left) and the calf (right). This overview reveals that baseline values, direction, and magnitudes of the changes with bed rest were comparable between RE and RVE. In addition, for the thigh, the responses of RE and RVE clearly diverged from CTR. Due to higher interindividual variability in indexes related to contractile speed and smaller group sizes, comparisons between groups did not result in any statistically significant differences. To improve the power to detect differences between bed rest with and without exercise countermeasure on indexes of torque development, the subjects in the two training groups were pooled (thigh, n ϭ 12; calf n ϭ 14) and subsequently compared with CTR (n ϭ 8). MRTD, maximal rate of torque development; EMG, electromyographic amplitude based on root mean square. Values are means Ϯ SE. *Significant group ϫ time interaction (P Ͻ 0.05); ϩtendency for significant group ϫ time interaction (P Ͻ 0.1); a significant effect of bed rest (P Ͻ 0.05); b tendency for a significant effect of bed rest (P Ͻ 0.1).
two trained groups in the present study. These data suggest that, at least for the neuromuscular system as tested in the present study, the added vibration exposure did not influence the efficacy of resistance exercise. In addition, vibration exposure without any resistive component was also found to have no effect on counteracting the changes in thigh and calf muscles caused by 14 days of bed rest (50) . The present study does, however, provide evidence supporting the effectiveness of resistance exercise per se to preserve neuromuscular functionality, albeit with a distinct difference between the thigh and the calf.
Effects of Bed Rest and Resistance Training on MVC Strength
Bed rest without countermeasure resulted in a significant decrease in thigh muscle size and strength in the present study. In agreement with our laboratory's previous study (34) , the loss in muscle size amounted to ϳ14% after 60 days. The loss in MVC torque (ϳ21%) tended to outweigh the change in muscle size. Although qualitative changes in the thigh musculature cannot be excluded, an excess loss in strength generally coincides with a reduction in the amplitude of the EMG, suggesting the involvement of neural adaptations (6, 12, 22, 42) . However, like others (29), we observed no changes in maximal EMG activity after bed rest for the untrained individuals. Due to the stochastic nature of EMG signals, neural activation estimates are more variable than, e.g., muscle size and MVC torque estimates. Although we strictly controlled the replacement of the electrodes in the post-bed-rest session, variability in EMG amplitude might have been caused by changes in the subcutaneous fat layer, fluid distribution, and skin resistance. Normalization of the RMS values at the MVC level with the intent to limit the influence of such confounding external factors was only possible for the antagonistic muscles (BF and TA), which showed no change with bed rest. Thus it is conceivable that thigh neural deconditioning remained undetected in the present study, despite the dissimilarity in the relative changes in muscle size and strength.
Relative to our laboratory's previous bed-rest study (34) , the current countermeasure regime was equally effective in preserving thigh muscle size and strength, despite the drastically lower number of training sessions during bed rest (11 vs. 3 per week). These findings are in accordance with previous work, suggesting that resistance training every 3 days during bed rest apparently suffices to maintain thigh muscle size and strength (6) and that more time-consuming protocols, e.g., daily or twice-daily regimens offer no additional benefits (3, 38) . The countermeasure regimen also maintained the amplitude of the EMG during maximal knee extension. Whereas this finding agrees with the reports of others after bed rest with knee extensor resistance training (6, 28) , it is in contrast with our laboratory's earlier observation of an ϳ30% increase in the amplitude with twice daily resistive vibration exercise (32) . A potential explanation for the discrepancy in maximum EMG response between the present and previous study (32) might be the number of weekly training sessions, as well as the omission of explosive squats from the present training paradigm, which required a high rate of torque generation, and hence rapid and high levels of neural activation. The higher number of functional tests during bed rest in the previous study (32) could also have played a role, as repeated retesting of subjects during bed rest can result in an increase in EMG amplitude as a result of task-specific learning or habituation (31) .
In line with previous reports, the calf appeared more prone to atrophy with unloading than the thigh (11, 25) . The diverging response between muscle groups might be attributable to differences in habitual loading in daily life and hence the relative impact of the bed rest intervention (18) . Hence, maintaining calf muscle size and strength by means of resistance training during unloading requires a greater training stimulus, and/or a greater training response. Data collected from healthy individuals under ambulatory conditions show that the calf is, in fact, less responsive to resistance training (47) and difficult to hypertrophy (48) . To compensate for this lesser responsiveness, the training paradigm designed to protect the calf incorporated a high number of repetitions and multiple sets. Interestingly, the anticipated increase in the exercise intensity (i.e., resistance) was not required during calf training (data not shown). The initial loads remained sufficient to volitional exhaust the calf muscles within 30 -50 s, each set, each session. Despite this solidity, calf MVC and CSA were not maintained during functional testing. Physical training diminished the changes to ϳ50% of those observed in control individuals. These findings are in agreement with other recent investigations that incorporated calf resistance training every 3rd day during bed rest (3, 4, 6, 46) . Notably, regimens that were successful in preventing calf atrophy and maintaining strength during bed rest included more frequent sessions, such as daily or twice daily resistance training (5, 13) . Given the results of the present and previous studies, it is tempting to speculate that a more frequent loading than three times per week would be required to maintain calf muscle size and strength. However, recent studies indicate that resistive exercise combined with amino acid supplementation (16) or aerobic exercise (46) could yield time-efficient regimens.
Effects of Bed Rest and Resistance Training on Explosive Torque Development
The rate at which muscle force develops at the start of a powerful contraction is an important neuromuscular function that thus far has received relatively little attention in bed-rest studies. Elderly individuals who lack sufficient motor speed or possess poor lower extremity strength have an increased risk for falling (43) . Astronauts may experience a similar increase in risk, particularly after long-duration spaceflight. Contrary to our expectations, however, isometric torque development remained unaltered for the untrained thigh. These findings are also in contrast with others (45) , who showed that thigh rate of force development was more affected than maximal strength in elderly individuals after long-term disuse due to hip-osteoarthritis. Signs of suppression in neuromuscular activity (45) were also not seen in the present study. In fact, we observed a strong tendency toward improved neural activation of the untrained thigh after bed rest. Since baseline performance of the control subjects was inferior to that of the trained individuals (Fig. 3) , it seems possible that practicing these intricate contractions during the baseline period prevented adverse effects of bed rest on voluntary contractile speed reported by others (10, 29) . On the other hand, it is known that, besides neural capabilities, rate of torque development is influenced by a complex interaction of various qualitative muscle properties that change as a consequence of bed rest. Whereas faster intrinsic contractile speed characteristics (49) and changed muscle architecture, i.e., muscle fiber pennation angle (18) , could facilitate improved voluntary contractile speed after bed rest, any concurrent decrease in tendon stiffness (29, 37) would tend to have an opposite effect. On the basis of the present results, we cannot confirm or refute the influence of such qualitative changes on voluntary contractile speed. However, using electrical muscle stimulation, our laboratory previously showed that the untrained thigh acquired the intrinsic speed properties of a faster muscle after 56 days of bed rest (33) .
Resistance exercise training of the thigh was associated with a reduced MRTD, but had no influence on the MRTD during isometric plantar flexion, and even improved calf muscle function for the initial phase of contraction when contractile speed was assessed as impulse. One obvious aspect that might have contributed to these findings is the difference in repetition rate and, therefore, likely the neural activation strategy, with which the squat and calf raise exercises were performed during training. In this respect, the testing of isometric rate of torque development after bed rest might have been neurologically more comparable to the task performed during training for the calf than for the thigh. Incorporation of powerful dynamic knee extensions (kicks) into a resistance training regimen (38) was previously associated with unaltered contractile speed properties of the thigh after 8 wk of bed rest (33) . Because previously we found that some subjects had difficulty in performing these contractions correctly and hence safely, such contractions were omitted from the present training regimen. Collectively, these findings are in line with observations by others (6, 9, 10) and indicate that training specificity is an important consideration when assessing the efficacy of a training program during unloading. However, if the enhanced contractile speed of the calf in the present study was primarily of neural origin, improved and not suppressed EMG amplitudes would have been expected for RT and CTR. The present results, therefore, strongly suggest that other factors contributed to the improved contractile impulse for the calf muscles after bed rest. One possibility is that fiber type may have shifted toward morphologically faster muscles as a consequence of bed rest (13) , irrespective of resistance training. Although previous research showed that twice daily resistance training with vibration prevented such a shift in Sol muscle fibers after 8 wk of bed rest, it was also demonstrated that Sol muscle fiber CSA and calf MVC strength were concomitantly maintained (13) . In the present study, the utilized training paradigm was only partly effective in this respect.
In conclusion, the data presented could not support the hypothesis that whole body vibration during resistance training provides an additional stimulus to counter the changes in thigh and calf neuromuscular function caused by 60 days of bed rest. The direction and magnitude of changes in muscle size, strength, and torque development were not significantly different between the RE and RVE group for any of the variables of interest. Although a lack of statistical power to detect real differences between the RE and RVE group is a genuine possibility, if the addition of vibration to resistance exercise had an effect (such as on MVC), this will be within 10% of the baseline value (e.g., 29 Nm for MVC). The results further indicate that, under conditions of bed rest, the current countermeasure was better at preserving neuromuscular integrity of the thigh than that of the calf. Underlying mechanisms might be related to muscle-specific differences in response to unloading, their responsiveness to resistance training, and the details of the exercise countermeasure program. GRANTS D. L. Belavý was supported by a postdoctoral fellowship from the Alexander von Humboldt Foundation. The 2nd Berlin Bed Rest Study was supported by Grant 14431/02/NL/SH2 from the European Space Agency and Grant 50WB0720 from the German Aerospace Center (DLR). The 2nd Berlin Bed Rest Study was also sponsored by Novotec Medical, Charité Universitä-tsmedizin Berlin, Siemens, Osteomedical Group, Wyeth Pharma, Servier Deutschland, P&G, Kubivent, Seca, Astra-Zeneka, and General Electric.
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